Background: Renal structural alterations have been partially uncovered in cardiorenal syndrome (CRS). Patients with CRS may have evidence of tubular damage, but markers of glomerular damage other than proteinuria have not been thoroughly investigated. The nature of renal damage in CRS may have therapeutic implications, as glomerular damage requires tight blood pressure control and renin-angiotensin-aldosterone system (RAAS) inhibition. The present investigation evaluates patients with CRS type 2 (CRS-2) for direct evidence of glomerular damage as evidenced by the presence of urinary podocin. Methods: The presence of glomerular damage was assessed in acutely decompensated patients with CRS-2 and healthy controls. Urinary podocin was determined by quantification of a tryptic peptide of podocin with high-performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Morning urine samples were collected for podocin, creatinine (Cr), and protein. Urinary podocin was expressed in femtomoles of podocin/milligram of Cr. Results: The urinary podocin/Cr ratio was greater in patients than in controls (0.37 ± 0.77 vs. 0.06 ± 0.05 fmol podocin/mg Cr, p = 0.04). A total of 40% of the patients had a urinary podocin/Cr ratio greater than the upper limit of normal (>0.2 fmol podocin/mg Cr). Patients with an elevated podocin/Cr ratio were more likely to have received ≤ 50% of the maximum dose of angiotensinconverting enzyme inhibitors or angiotensin receptor blockers (p = 0.04) than patients with a podocin/Cr ratio in the normal range. Conclusions: CRS-2 may be associated with glomerular damage as evidenced by an elevated urinary podocin/Cr ratio. Modulators of RAAS may have a protective effect on urinary podocin loss.
Introduction
The renal structural alterations that underlie cardiorenal syndrome (CRS) [1] have been partially uncovered [2] [3] [4] [5] . Owing to near-hypoxic conditions in tubular cells of the medulla, patients with CRS may present with tubular damage as evidenced by elevated levels of neutrophil gelatinase-associated lipocalin (NGAL) [6] [7] [8] [9] .
Proteinuria suggests the presence of glomerular damage and is prevalent in patients with CRS [10] . However, faulty tubular reabsorption rather than glomerular injury may be responsible for proteinuria [11, 12] . To our knowledge, patients with CRS have not been studied for the presence of glomerular damage other than proteinuria. In contrast to proteinuria, podocyte urinary excretion reliably ascertains the presence of active glomerular injury in patients with nephropathy and preeclampsia [13] [14] [15] .
CRS type 2 (CRS-2) refers to clinical conditions where chronic abnormalities of cardiac function cause progressive kidney disease. It has been postulated that multiple episodes of acute cardiac decompensation result in the onset followed by the progression of chronic kidney disease in these patients [16] . Several pathophysiological triggers may play a role, including the upregulation of the sympathetic nervous system and renin-angiotensin-aldosterone system (RAAS) as well as a chronic inflammatory state. The end result is renal structural injuries, both of the glomeruli (glomerulosclerosis) and the tubuli and interstitium (tubulointerstitial fibrosis). Abnormalities of novel markers of tubular damage, including NGAL, have been documented in several clinical studies [6] [7] [8] [9] 16] . The presence of podocyte injury was confirmed in a model of chronic cardiac volume overload (model of aortic regurgitation); 6 months after undergoing a procedure that resulted in aortic regurgitation, Sprague-Dawley rats developed albuminuria and glomerular podocyte injury, as demonstrated by decreases in glomerular nephrin and podocin mRNA levels [17] . However, the effects of episodes of cardiac decompensation on podocyte injury, as the possible mechanism of glomerular injury in CRS-2 patients, have not yet been studied. In addition, while the pivotal role of RAAS activation (both through underfilling of the renal arteries and renal venous hypertension) has been well documented in animal models of heart failure and CRS-2, large congestive heart failure clinical trials of RAAS-modifying therapies have focused on cardiovascular outcomes and have reported limited data with respect to renal prognosis [16] . Consequently, the roles of angiotensin-converting enzyme inhibitors (ACEI) and angiotensin receptor blockers (ARB) in the prevention/slowing of the progression of renal/podocyte injury in CRS-2 remain to be determined.
The aim of the present investigation was to assess patients with CRS-2 for the presence of glomerular damage during an episode of acute cardiac decompensation, owing to its temporal association with increased urinary albumin excretion [18] . The presence of glomerular damage was assessed by quantification of urinary podocyte-specific peptides by liquid chromatography (LC) coupled to tandem mass spectrometry (LC-MS/MS). In addition, we sought to investigate the association between the podocyte damage on one side and clinical parameters and therapeutic strategies on the other.
Methods

Study Population
The study population included 2 cohorts. The first cohort was comprised of 8 healthy subjects. They served as controls for urinary podocin excretion and reproducibility of the urinary podocin excretion measurement. The second cohort consisted of 27 patients with CRS-2. The recruitment of the healthy subjects and patients was carried out in parallel.
Controls
Healthy subjects were recruited from the Tulane faculty and had normal renal function, an estimated glomerular filtration rate (eGFR) >90 ml/min/1.73 m 2 , as measured by the 4-variable modification of diet on renal disease (MDRD) study equation [19] , and had no current or past medical history of glomerular disease and/or hypertension. They were recruited by direct contact, without advertisement/posters or financial remuneration. The healthy subjects were matched for age and sex to patients with CRS-2.
Patients
Patients with CRS-2 were prospectively recruited from a pool of 230 patients with left ventricular (LV) ejection fractions <35% who were receiving treatment for heart failure exclusively at Tulane University for >6 months. All patients had been thoroughly evaluated, including right and left heart catheterization with coronary angiography, and were adherent to medical therapy as defined by the current American College of Cardiology/American Heart Association and Heart Failure Society of America guidelines. Patients who experienced an episode of symptomatic deterioration were screened for the study. The inclusion criteria were: (1) hospitalization for symptomatic decompensation, as evidenced by worsening of shortness of breath, fatigue, or both; clinical evidence of pulmonary and peripheral fluid retention, as confirmed by chest X-ray findings, and an elevated brain natriuretic peptide (BNP) level >200 pg/ml or N-terminal prohormone brain natriuretic peptide (NT-proBNP) level >1,200 pg/ml; (2) no known history or evidence of chronic kidney disease prior to the diagnosis of heart failure; (3) an eGFR ≤ 60 ml/min/1.73 m 2 at the time of hospitalization, and (4) a well-documented history of adherence to a prescribed medical regimen. The exclusion criteria were: (1) a systolic blood pressure >180 mm Hg on admission; (2) poorly controlled type II diabetes mellitus, as evidenced by a HgA 1c >7%; (3) active myocardial ischemia, with troponin T >3 times the upper limit of normal values; (4) proteinuria that preceded heart failure onset; (5) urinary tract infection, with urine positive for nitrite or leukocyte esterase; (6) renal transplantation or renal replacement therapy; (7) atrial fibrillation with rapid ventricular response, as indicated by a heart rate >115 beats/min; (8) pregnancy or preeclampsia, and (9) active tobacco use. Routine laboratory data were obtained as clinically indicated. Creatinine (Cr) was measured by standard assay and eGFR was derived using the 4-variable MDRD study equation.
Ethics Statement
The study was approved by the Tulane University and Mayo Clinic Institutional Review Boards. Due to the low risk nature of the study, all eligible patients, except for one, agreed to participate. All patients and healthy subjects signed a written informed consent form.
Urine Collection and Proteinuria Determination
Early-morning urine specimens (100 ml) were collected in sterile cups from patients during the first 12 h of hospitalization only. Urine specimens were collected after patients had received intravenous furosemide at a dose ranging from 40 to 120 mg and prior to the daily administration of ACEI, ARB, or aldosterone receptor inhibitors (ARA). In healthy subjects, early-morning urine specimens were collected on 2 occasions 12-14 days apart.
The concentrations of total urinary protein and Cr were measured using standard methods on a Hitachi 911 Chemistry Analyzer (Roche Diagnostics, Indianapolis, Ind., USA). A protein/Cr ratio ≥ 0.15 g of protein per 1 g of Cr in spot urine specimens (or an estimated 24-hour proteinuria of 150 mg) was considered as significant clinical proteinuria. Urine specimens were then centrifuged for 10 min at 1,200 rpm. The supernatants were discarded. Twenty milliliters of methanol was added to each of the urine pellets, and the pellets were then centrifuged for another 10 min at 1,200 rpm. The supernatants were again discarded, and the pellets were frozen at -70 ° C. The specimens were packaged in dry ice and then shipped to the Mayo Clinic in Rochester, Minn., USA, for quantification of urinary podocin.
Urinary Podocin
The quantification of urinary podocin was based on the detection of a podocin tryptic peptide by highperformance LC coupled to LC-MS/MS. This methodology has been validated against the gold standard for the detection of viable urinary podocytes, which is based on the overnight culture of urinary sediment and staining for podocyte-specific proteins [20] . The LC-MS/MS methodology is based on the principle that tryptic peptides may serve as surrogate markers for the quantification of their respective proteins [21] . Each of the aliquots of the urine specimens (100 ml) was processed as previously described [20] . The LC-MS/MS technology was performed as follows: recombinant human podocin was obtained from Novus Biologicals and used for determining the proteotypic peptide to be used for the quantification of podocin. The recombinant human podocin was digested with trypsin and analyzed by LC-MS/MS on an AB SCIEX 5600 Q-TOF mass spectrometer operated in IDA mode. MS/MS spectra were searched against the human subset of the SwissProt protein database using ProteinPilot software. The peptide, QEAGPEPSGSGR, was identified as having the highest response of all podocin tryptic peptides and was therefore selected as the proteotypic peptide for quantification.
A synthetic isotope-labeled peptide with the proteotypic sequence, QEAGPEPSGSGR, was synthesized by the peptide synthesis facility at the Mayo Clinic. The synthetic peptide contains two stable isotopelabeled prolines at positions 4 and 6, with each proline containing three 13 C and three 15 N, for a total mass shift of 12 Da above the molecular mass of the native tryptic peptide. Total nitrogen analysis of the purified product showed that the peptide content was 0.86 g/1.0 g of material by weight. Selected reaction monitoring transitions used for quantification were determined by infusing the stable isotope-labeled peptide at a flow rate of 10 μl/min into the Turbo V ion source of an AB SCIEX API 5000 triple quadrupole mass spectrometer run in positive ESI mode. The transition representing the doubly charged peptide precursor ion with an m/z of 586.60 for the unlabeled peptide, and of 592.60 for the labeled peptide, to the singly charged y 6 fragment ion with an m/z of 560.35 for the unlabeled peptide, and of 566.35 for the labeled peptide, was used for quantification. A secondary multiple reaction monitoring transition representing the doubly charged peptide precursor ion to the y 10 ion was also monitored to confirm that the ion ratios between the unlabeled peptide in the patient samples and the stable isotope-labeled internal standard peptide remained constant.
Cellular material present in the urine was isolated by centrifugation and then fixed with methanol. The fixed cellular material was then solubilized with a detergent, followed by digestion with trypsin. The proteotypic peptide, QEAGPEPSGSGR, was monitored by selected reaction monitoring and quantified using a singlepoint isotope dilution experiment. The stable isotope-labeled peptide was spiked into each sample at a known concentration, and the molar ratio of the response from the native peptide in the patient urine to the stable isotope-labeled internal standard peptide was used to determine the concentration of podocin in the pellet. Prior to digestion, the methanol-fixed pellets were resuspended in methanol fixative and then centrifuged at 600 g for 10 min. The supernatant was removed, and the pellet was re-suspended in 50 μl RapidGest TM SF detergent at a concentration of 0.1% in 50 m M ammonium bicarbonate, pH 8.0. The sample was sonicated for 5 min; then, 100 μg of trypsin was added, and the sample was sonicated for another 5 min. The sample was then digested in a shaking incubator at 37 ° C for 4 h. After digestion, the sample was acidified with 2 μl formic acid and centrifuged for 10 min at 14,000 g . A volume of 18 μl patient digest was put into a well of a 96-well sample tray. A stable isotope-labeled internal standard peptide was added to each sample and then analyzed by LC-MS/MS.
All samples were analyzed using a Thermo TLX-2 HPLC system coupled to an AB SCIEX API 5000 triple quadrupole mass spectrometer. A 20-μl injection was made from each sample, and separations were carried out on a 100 × 3.0 mm Atlantis T3 column, with a 3-μm particle size and a 120-Å pore size, run at a flow rate of 250 μl/min. A gradient consisting of mobile phase A (100% water and 0.1% formic acid) and mobile phase B (100% acetonitrile and 0.1% formic acid) was used to resolve the peptides with a 15-min gradient.
The amount of urinary podocin in the early-morning urine specimens from patients with CRS-2 and from healthy subjects was expressed as the ratio of urinary podocin (fmol) to urinary Cr (mg). Analyst TM software version 1.4.2 (Applied Biosystems/Life Technologies, Grand Island, N.Y., USA) was used to acquire and process the data.
Statistical Analysis
Data were expressed as means ± SD. Statistical analyses were performed using SAS version 9.1 (SAS Institute, Inc., Cary, N.C., USA). The baseline characteristics of the patients with elevated podocin/Cr ratios and of those with normal-range podocin/Cr ratios were compared using the Student t test. A two-sided p value <0.05 was considered statistically significant. Pearson's correlation was used to determine the strength of the relationship between the urinary podocin/Cr and eGFR, urine protein/Cr ratio, and the presence of diabetes mellitus, with each evaluated as a separate variable.
Results
The healthy cohort consisted of 8 subjects (5 men and 3 women) with an average age of 55 ± 9 years. The average urinary podocin/Cr ratio was 0.06 ± 0.05 fmol/mg in the healthy subjects (range 0.011-0.187). Measurements of the podocin/Cr ratio were repeated 12-14 days apart and were reproducible, with a coefficient of correlation of 0.73 (p = 0.02).
The CRS-2 cohort consisted of 27 patients (15 men and 12 women). Nineteen of these (70%) were African-Americans, and the remaining 8 subjects were Caucasians. The clinical characteristics of the CRS-2 cohort are summarized in table 1 . The average age was 57 ± 11 years. In 24 of the 27 patients, the baseline functional class before decompensation was compatible with New York Heart Association (NYHA) functional class III. The remaining 3 patients were in NYHA functional class II. The etiology of the LV systolic dysfunction was coronary artery disease in 8 patients. A history of hypertension was present in 21 patients (77%), and 10 patients (37%) were treated for type II diabetes mellitus. The mean eGFR was 47 ± 13 ml/min/1.73 m 2 . Fifteen of the 27 patients had proteinuria, as evidenced by a urinary protein/Cr ratio ≥ 0.15.
The mean urinary podocin/Cr ratio was significantly greater in the patients with CRS-2 than in the age-and sex-matched healthy subjects (0.37 ± 0.77 vs. 0.06 ± 0.05 fmol podocin/ mg Cr, p = 0.04) ( fig. 1 ) . Of the 27 patients with CRS-2, 11 (40%) had urinary podocin/Cr ratios that were outside the range of those from the healthy subjects. In these 11 patients, the urinary podocin/Cr ratio averaged 0.84 fmol podocin/mg Cr (range 0.28-3.77). In the remaining 16 patients, the urinary podocin/Cr ratio averaged 0.05 fmol podocin/mg Cr (range 0.001-0.19).
The clinical characteristics of the CRS-2 patients with elevated and normal urinary podocin/ Cr ratios are detailed in table 2 . Of the 11 patients with elevated urinary podocin/Cr ratios, 6 had proteinuria and 5 did not. Of the 10 patients with diabetes, 3 had an elevated urinary podocin/ Values are numbers of patients, means ± SD, or n (%). BMI = Body mass index (calculated as weight in kilograms divided by height in meters squared); ICD = implantable cardioverter defibrillator. Cr ratio and 7 had a urinary podocin/Cr ratio in the normal range. CRS-2 patients with elevated podocin/Cr ratios were less likely to have received double therapy (p = 0.05), defined as treatment including at least 2 of the following: ACEI, ARB, and/or ARA; these patients were also more likely to have received ≤ 50% of the maximum ACEI or ARB dose (p = 0.04). In patients with both elevated urinary podocin/Cr ratios and proteinuria, these two parameters were positively correlated (r = 0.540, p = 0.007), thus suggesting a positive mechanistic link ( fig. 2 ) .
Discussion
The present investigation provides the first direct evidence of podocyte damage in acutely decompensated patients with CRS-2. Of note, active glomerular damage is commonly demonstrated by the presence of viable podocytes in urinary sediments [22] . We inferred the presence of glomerular damage from elevation in the urinary podocin/Cr ratio as measured by LC-MS/ MS technology. Podocin, an abundant protein in the body of podocytes, is a known reliable marker of urinary podocyte loss [20] . We have previously shown that the quantification of urinary podocin -based on the detection of a podocin tryptic peptide -correlates with the gold standard for the detection of viable urinary podocytes, i.e. the overnight culture of urinary sediment and staining for podocyte-specific proteins [20] . Therefore, based on the assumption Values are means ± SD or n (%), unless otherwise indicated. ICD = Implantable cardioverter defibrillator. 1 Combined therapy consisting of at least two of the following: ACEI, ARA, or ARB. that the podocin tryptic peptide originates from podocytes present in the urine, we used the low-speed spin to isolate as many cellular components as possible. In total, 40% of the patients had an elevated urinary podocin/Cr ratio. Podocin, a podocyte-specific protein, was quantified with the LC-MS/MS technology, which is operator independent and highly reproducible. In addition, the modulators of RAAS demonstrated a protective effect on urinary podocin loss. Uncovering glomerular damage may have implications for the treatment of CRS. Lowering intrarenal pressure, preferably through medications that downregulate the RAAS, such as ACEI, ARB, and ARA, may reduce podocyte injury and glomerular damage in the juxtamedullary nephrons [23] [24] [25] . However, lowering intrarenal pressure may aggravate tubular damage in the superficial nephrons [9, 24] . Thus, an improved understanding of glomerular damage may have significant therapeutic implications in CRS.
This preliminary study enrolled only patients with CRS-2 in whom abnormal cardiac function resulted in chronic renal disease and focused on studying podocyte injury during acute cardiac decompensation. The role of podocyte injury as the mechanism of glomerular injury has been well documented in several animal models of renal disease, but not in human diseases, including CRS. Rat models of transient and continuous glomerular injury have shown that urinary podocyte loss is a widespread phenomenon in glomerular diseases [26] . A mouse model of selective podocyte depletion using diphtheria toxin, in which a single episode of podocyte injury resulted in glomerular destabilization and persistent podocyte loss, suggested that changes in the structure of the kidney at the level of the podocyte barrier continue following the resolution of an acute injury [27] , ultimately progressing to podocyte depletion, interstitial scarring, and loss of renal function. Intervention with angiotensin II blockade (combined enalapril and losartan) re-stabilized glomeruli and prevented both continuous podocyte loss and deterioration of renal function [3] . In the present study, we demonstrate novel evidence for the presence of urinary podocin loss in patients with CRS-2 and further establish the protective effect of RAAS blockade. The presence of continuous podocyte loss in CRS and its role in the development and progression of renal disease need to be further investigated. In addition, the protective role of RAAS inhibition with respect to proteinuria has been well demonstrated, while its role with respect to continuous podocyte loss remains to be determined. Our preliminary data indicating a positive correlation between urinary podocin loss and the degree of proteinuria suggest that these are mechanistically related. However, two observations are worthy of further discussion. First is the absence of urinary podocin in patients with established proteinuria. This is consistent with data in the literature suggesting that podocyturia, unlike proteinuria, is limited to phases of ongoing glomerular injury [14] and, as such, may be absent in patients with established chronic proteinuria. Second, based on our recent study indicating that podocyturia predates clinical proteinuria in preeclampsia, patients without proteinuria, but with documented urinary podocin loss may have early subclinical renal injury [22] . Whether urinary podocin loss predates proteinuria in CRS-2 is the subject of our current investigation.
The patients who comprised the study population were carefully selected on the basis of adherence to their medical regimens, an eGFR ≤ 60 ml/min/1.73 m 2 , and demonstrated cardiac decompensation without overt precipitating factors. The 40% prevalence of glomerular damage observed in the present study may overestimate the true prevalence of glomerular damage in less highly selected patients with CRS-2, where nonadherence to medications and diet, as well as deterioration in comorbid conditions such as myocardial ischemia, ventricular/supraventricular arrhythmias, and pulmonary/urinary infections, may account for symptomatic decompensation. Determination of the true prevalence of glomerular damage in CRS-2 awaits larger studies in more heterogeneous populations.
As expected, the prevalence of proteinuria was greater in our acutely decompensated patients than that previously reported in stable chronic heart failure patients [28] . During an episode of acute decompensation, increased glomerular pressure may cause proteinuria. In a recent observational study, patients with acute decompensated heart failure were found to have increased urinary albumin excretion that resolved or decreased significantly with standard heart failure treatment [18] . Although diabetes is known to play an important role in the pathogenesis of many glomerular diseases, glomerular damage was not closely related to the presence of diabetes in our patients.
Our study is limited by the low numbers of both controls and patients and by its crosssectional design. In addition, a single tryptic peptide was used for the identification of podocin. This quantitative measure would be improved by the identification and measurement of an additional tryptic peptide. Additional peptides were analyzed and confirmed using recombinant podocin. However, each of the peptides analyzed had a response factor that was too low to be used for quantification. Despite these limitations, our study provides preliminary results and proof-of-principle that podocyte injury is present in a subset of patients with CRS-2. It sets the stage for future studies aimed at establishing the normal ranges for unaffected individuals across sexes and life span, as well as the temporal relationship between podocyturia and proteinuria and the role of the former as a more sensitive and earlier marker of renal injury in CRS-2. The present investigation did not attempt to elucidate the mechanisms that mediate urinary podocyte loss in CRS-2. Podocytes are highly specialized cells with complex molecular structures that maintain the integrity of the glomerulus. Angiotensin II regulates podocyte number and integrity [23] and may promote podocyte detachment and shedding, as it increases the intraglomerular pressure by preferentially affecting glomerular efferent arterioles [24] . Lowering blood pressure with full RAAS inhibition may lessen glomerular damage in patients with CRS [25] . However, lowering blood pressure may aggravate renal impairment in patients with CRS and exclusive or predominant tubular damage [9] . A positive correlation was observed between urinary podocin/Cr ratios and proteinuria, suggesting a positive mechanistic link. It is plausible that in patients without proteinuria, elevated urinary podocin/Cr ratios may represent an early subclinical marker of renal injury. Our study sets the stage for future research aiming to identify the nature, extent, and progression of structural renal alterations in CRS that may allow for optimal treatment of these patients.
Conclusion
In addition to previously reported tubular damage, CRS-2 may be associated with glomerular damage. The presence of glomerular damage has therapeutic implications, as patients with glomerular damage may benefit from more stringent control of blood pressure and more complete RAAS inhibition than that routinely achieved.
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